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Abstract
Background: The effect of herbivory on plant fitness varies widely. Understanding the causes of this variation is of
considerable interest because of its implications for plant population dynamics and trait evolution. We experimentally
defoliated the annual herb Arabidopsis thaliana in a natural population in Sweden to test the hypotheses that (a) plant
fitness decreases with increasing damage, (b) tolerance to defoliation is lower before flowering than during flowering, and
(c) defoliation before flowering reduces number of seeds more strongly than defoliation during flowering, but the opposite
is true for effects on seed size.
Methodology/Principal Findings: In a first experiment, between 0 and 75% of the leaf area was removed in May from
plants that flowered or were about to start flowering. In a second experiment, 0, 25%, or 50% of the leaf area was removed
from plants on one of two occasions, in mid April when plants were either in the vegetative rosette or bolting stage, or in
mid May when plants were flowering. In the first experiment, seed production was negatively related to leaf area removed,
and at the highest damage level, also mean seed size was reduced. In the second experiment, removal of 50% of the leaf
area reduced seed production by 60% among plants defoliated early in the season at the vegetative rosettes, and by 22%
among plants defoliated early in the season at the bolting stage, but did not reduce seed output of plants defoliated one
month later. No seasonal shift in the effect of defoliation on seed size was detected.
Conclusions/Significance: The results show that leaf damage may reduce the fitness of A. thaliana, and suggest that in this
population leaf herbivores feeding on plants before flowering should exert stronger selection on defence traits than those
feeding on plants during flowering, given similar damage levels.
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Introduction
Herbivory can reduce plant fitness and thereby influence both
population dynamics and selection on defense traits, e.g. [1–5].
However, tolerance to damage, quantified by the slope of the
relationship between damage and plant fitness [6], may vary
considerably, and determining how plant characteristics and
environmental conditions influence the fitness consequences of
herbivory in natural plant populations remains a major challenge,
e.g. [7–11].
Tolerance to leaf damage should depend on the timing of
damage and several hypotheses have been formulated to predict
how tolerance changes seasonally. Some emphasize the impor-
tance of time available for recovery from damage and suggest that
herbivory early in the season and early during development should
be easier to compensate than leaf damage late in the season and
during reproduction [7,8]. Other hypotheses suggest that changes
in tolerance reflect differences in available resources and the extent
to which plant fitness is limited by photosynthate relative to other
resources [2,12–14]. Following this reasoning, it has been
predicted that tolerance to leaf herbivory in annual plants should
increase from the seedling stage until flowering as a result of
resource accumulation before flowering [12,14]. When evaluating
seasonal changes in the effects of leaf damage on plant fitness, it
may thus be important to consider not only the timing of damage
but also the life-history stage at which plants are defoliated.
The timing of herbivory should affect the magnitude of the
response, but it may also influence which fitness components
are affected. In annual plants, flower production is typically
determined earlier than seed size, and mean seed mass is therefore
predicted to be more sensitive to damage occurring late in the
season than are number of flowers and number of fruits [15].
There is some support for the predictions that leaf damage early in
the season is more detrimental than damage late in the season, e.g.
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herbivory shift along ontogeny in annual plants [17]. However,
because responses to herbivory may often be context-dependent
[7,9,11] and most studies of seasonal changes in tolerance to leaf
herbivory have been conducted in the greenhouse rather than in
the field, e.g. [15,16] additional studies of the effects of herbivory
on plant performance in natural populations are needed.
In this study, we conducted two experiments in a natural
population of the annual herb Arabidopsis thaliana to determine the
fitness consequences of leaf damage of different severity before and
after flowering. Like most populations of A. thaliana in the native
range [18–20], the study population has a winter-annual life cycle.
Seeds germinate in late summer and in the autumn, and plants
overwinter as vegetative rosettes and develop through vegetative,
bolting, and flowering stages the following spring. In the study
population, flowering typically begins in late April or early May,
and fruits mature in late June. In a first experiment, between 0 and
75% of the leaf area was removed in May from plants that
flowered or were about to start flowering. In a second experiment,
0, 25%, or 50% of the leaf area was removed from plants on one of
two occasions (in mid April when plants were either in the
vegetative rosette or bolting stage, or in mid May when plants
were flowering). We tested the predictions that (a) plant fitness
decreases with increasing damage, (b) tolerance to defoliation is
lower before flowering than during flowering, and (c) defoliation
before flowering reduces number of seeds more strongly than
defoliation during flowering does, but the opposite is true for
effects on seed size. In addition, we documented the seasonal
pattern of damage in the study population to determine whether
seasonal changes in tolerance to damage were correlated with
differences in risk of herbivory. This study fills an important gap in
the literature by contributing much needed information on the
ecology of natural populations of the plant model species A .thaliana
in its native range.
Results
Plant Fitness and Seed Size vs. Magnitude of Damage
In the firstexperiment,both overallfitness intermsofthe number
of seeds produced per experimental plant and seed size were
affected by defoliation and tended to decrease with increasing
proportion of leaf area removed (Table 1, Fig. 1). Removal of 50%
of the leaf area reduced seed production by 29% (back-transformed
least-square mean, control 76 seeds, 50% defoliation 54 seeds). The
effect of defoliation on plant fitness was mainly a function of its
influence on fecundity of survivors. All plants in the control, 10%
defoliation and 25% defoliation treatments survived to reproduc-
tion, while 93% of the plants survived in the 50% and 75%
defoliation treatments. Mean seed mass was significantly reduced
only after the most severe defoliation treatment (Fig. 1B). The
number of seeds produced was positively related to rosette area at
the time of the defoliation treatment (Table 1).
Seasonal Shift in Tolerance to Damage
In the second experiment, the effect of defoliation on plant
fitness varied among plant categories (damaged early in the season
at the vegetative rosette stage, damaged early in the season at the
bolting stage, damaged one month later at the flowering stage) as
indicated by a significant defoliation 6plant category interaction
(Table 2, Fig. 2A). Removal of 50% of the leaf area in mid April
reduced number of seeds produced per plant by 60% among
plants that were vegetative rosettes and by 22% among plants that
had reached the bolting stage at the time of damage (back-
transformed least-square mean, vegetative rosette, control 15
seeds, 50% defoliation 6 seeds; bolting, control 129 seeds, 50%
defoliation 100 seeds). Damage of the same magnitude to
flowering plants in mid May did not reduce seed production
(flowering, control 79 seeds, 50% defoliation 81 seeds). Analyses
conducted separately by cohort indicated that the reduction in
fitness was statistically significant among plants defoliated at the
vegetative rosette stage, but not among plants defoliated at the
bolting stage (Table 3, Fig. 2A).
Figure 1. Effects of defoliation on the number and size of
seeds. (A) log (number of seeds) and (B) log (mean seed mass [mg]) of
Arabidopsis thaliana (least-square means 6 S.E). Different letters
indicate statistically significant differences in means (P,0.05) based
on Tukey’s HSD test. Linear regression of treatment least-square means
on proportion of leaf area removed: log (number of seeds),
y=20.0036+1.891, P,0.05, R
2=0.88, log (mean seed mass [mg]),
y=20.00001056+0.0000083, P=0.29, R
2=0.35.
doi:10.1371/journal.pone.0030015.g001
Table 1. Effects of defoliation (0, 10%, 25%, 50%, or 75% of
leaf area removed; fixed effect), block (random effect), rosette
size, and proportion of leaf area removed by herbivores
before the defoliation treatment on the number of seeds and
mean seed mass of Arabidopsis thaliana in the first
experiment analyzed with mixed-model ANOVA.
Source Number of seeds Mean seed mass
F or x
2 F or x
2
Defoliation 2.7* 3.0*
Block 14.3*** 4.3*
Rosette area at treatment 16.2*** 0.7
Damage before treatment 0.8 0.5
The response variables were log-transformed prior to analysis. F is given for all
independent variables except block, for which x
2 is given.
*P,0.05,
***P,0.001.
doi:10.1371/journal.pone.0030015.t001
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both survival and fecundity of surviving plants, but neither effect
was statistically significant. Among plants defoliated at the
vegetative stage, survival was 0.71 in the control, 0.54 in the
25% defoliation, and 0.56 in the 50% defoliation treatment (effect
of defoliation in logistic regression, x
2=2.7, df=2, P=0.25).
Back-transformed least-square mean number of seeds produced by
reproducing plants was 40 seeds in the control, 28 seeds in the
25% defoliation treatment, 31 seeds in the 50% defoliation
treatment (effect of defoliation in ANOVA, F2,41.6=2.6, P=0.09).
Plants that were at the vegetative stage at the time of the early
defoliation had lower fitness compared to the other two plant
categories (Fig. 2A). Both survival and fecundity were lower
among plants defoliated at the vegetative stage early in the season
compared to plants defoliated at the bolting stage on the same
occasion and plants defoliated at the flowering stage a month later
(survival, effect of plant category in logistic regression, x
2=77.0,
df=2, P,0.0001; fecundity, effect of plant category in ANOVA,
F2,236=124.7, P,0.0001).
In the second experiment, no statistically significant effect of
defoliation on mean seed mass was recorded, but plants defoliated
at the vegetative stage early in the season produced smaller seeds
compared to the other two plant categories (Table 2, Fig. 2B).
Seasonal Variation in Herbivory
Leaf herbivory did not differ markedly between life-history
stages, was of similar magnitude in the two years of study, and did
not vary much through the season. In 2006, the proportion of
plants with leaf damage was 22% on May 19. The proportion of
the leaf area removed by herbivores ranged from 1% to 40%, with
a mean of 8% (Table 4). At the time of the damage census, 70% of
the plants were in the bolting stage, while the rest had begun
flowering. No difference in leaf damage was detected between
bolting and flowering plants (Wilcoxon rank sum test, P=0.65). In
2007, the proportion of plants damaged by leaf-feeding herbivores
was similar to that in 2006 and ranged from 24% to 26% at
censuses from 15 April to 27 May (Table 4). The proportion of the
leaf area removed by herbivores from damaged plants varied
widely (range 1%–80%), but the mean proportion was relatively
low (9% at the first census and about 3% at the remaining
censuses; Table 4). The stage structure of the population changed
gradually over the season. At the first census, 42% of the
population was in the vegetative rosette stage and the rest was
Figure 2. Effects of defoliation and plant category on the
numberandsizeofseeds.(A)log(numberofseeds)and(B)log(mean
seed mass [mg]) of Arabidopsis thaliana (least-square means 6 S.E.).
Different letters indicate statistically significant differences in means
based on Tukey’s HSD test performed separately by plant category
(vegetativerosettedefoliatedearlyintheseason,boltingplantdefoliated
early in the season, or flowering plant defoliated a month later).
doi:10.1371/journal.pone.0030015.g002
Table 2. Effects of defoliation (0, 25% or 50% of leaf area
removed), plant category (vegetative rosette defoliated early
in the season, bolting plant defoliated early in the season, or
flowering plant defoliated a month later; fixed effects), block
(random effect), and proportion of leaf area removed by
herbivores before the defoliation treatment on the number of
seeds and mean seed mass of Arabidopsis thaliana in the
second experiment analyzed with mixed-model ANOVA.
Source Number of seeds Mean seed mass
F or x
2 F or x
2
Defoliation 3.4* 1.1
Plant category 164.6*** 22.2***
Defoliation 6plant category 2.5* 0.8
Block 60.4*** 3.5*
Damage before treatment 1.0 0.1
The response variables were log-transformed prior to analysis. F is given for all
independent variables except block, for which x
2 is given.
*P,0.05,
***P,0.001.
doi:10.1371/journal.pone.0030015.t002
Table 3. The effects of defoliation (fixed effect), block
(random effect), and proportion of leaf area removed by
herbivores before the defoliation treatment on the number of
seeds of Arabidopsis thaliana in the second experiment
analyzed with mixed models separately by plant category
(vegetative rosette defoliated early in the season, bolting
plant defoliated early in the season, or flowering plant
defoliated a month later).
Source Vegetative Bolting Flowering
F or x
2 F or x
2 F or x
2
Defoliation 6.4* 0.5 0.2
Block 18.4** 6.1* 40.0***
Damage before treatment 1.1 2.6 3.0
The response variables were log-transformed prior to analysis. F is given for all
independent variables except block, for which x
2 is given.
*P,0.05,
**P,0.01,
***P,0.001.
doi:10.1371/journal.pone.0030015.t003
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reached the flowering stage and 10% was bolting (N=183). At
censuses when a sufficient number of plants in different stages
made comparisons meaningful, no difference in the proportion of
leaf area damaged was recorded between vegetative and bolting
plants (15 April, Wilcoxon, P=0.21), between vegetative, bolting
or flowering plants (29 April, Kruskal-Wallis, P=0.24) or between
bolting and flowering plants (13 May, Wilcoxon, P=0.90).
Discussion
The present study has demonstrated that both the extent and
timing of leaf damage influence the fitness of Arabidopsis thaliana
under field conditions. The detrimental effects of defoliation on the
number of seeds produced and seed size tended to increase with
increasing damage, and defoliation of vegetative plants early in the
season reduced seed production more strongly than did defoliation
of bolting plants at the same time and defoliation of flowering plants
a month later. Like many other winter annuals, most A. thaliana
populations complete the life cycle in spring or early summer, and
may thereby avoid herbivory from several potential insect
herbivores [21]. However, this and previous studies [21,22]
demonstrate that herbivory can still be substantial in the native
range of A. thaliana and vary widely among individual plants.
Seasonal Change in Tolerance to Damage
Seasonal changes in risk of herbivory and resource availability
may influence costs and benefits of tolerance and resistance to
herbivory and thereby select for ontogenetic shifts in tolerance
[2,16]. In the second experiment, tolerance to defoliation was
lower among plants defoliated at the vegetative rosette stage early
in the season than among bolting plants defoliated at the same
time, and among flowering plants defoliated a month later.
Removal of 50% of the leaf area from vegetative rosettes early in
the season reduced seed production by 60%, while similar damage
to bolting plants early in the season reduced seed production by
22%, and had no effect when applied to flowering plants a month
later . This suggests that the plants defoliated at the vegetative
rosette stage were more limited by photosynthates at the time of
damage than the other plant categories, cf. [11]. Differences
among stages in tolerance to damage were not correlated with
seasonal shifts in the risk of herbivory in the natural population.
The proportion of plants that showed evidence of damage from
herbivores was rather constant across the season and no
statistically significant differences in herbivore damage between
life-history stages were recorded. If anything, the proportion of leaf
area removed from damaged plants tended to be higher at the first
census compared to censuses conducted later in the season in
2007. Instead, the seasonal shift in tolerance may be related to
changes in resource status, cf. [2,9]. Plants may be particularly
vulnerable to damage early in the season because their stored
resources are limited and leaf damage may affect the production of
new leaves and meristems in the rosette, and thus future
productivity. Finally, because physiological response elicited by
tissue damage may vary across ontogeny [23] and because the
production of induced defences may often be costly [24,25],
seasonal shifts in tolerance may also reflect changes in the strength
or costs associated with damage-induced defence reactions.
Several factors may thus have contributed to the documented
seasonal increase in tolerance to damage, and additional studies
are required to determine the relative importance of resource
availability per se and of differences in the strength and
consequences of hormonal responses triggered by damage.
A seasonal increase in tolerance to damage may result in an
associated reduction in selection for resistance against herbivory.
Consistent with this prediction, an ontogenetic increase in
tolerance has been shown to be associated with a decrease in
leaf glucosinolate concentration in the annual herb Raphanus sativus
[16]. In A. thaliana, glucosinolate concentration in the leaf rosette
[26] and the biosynthesis of some defence-related proteins in
response to methyl jasmonate [27] but see [28], have similarly
been found to decrease from the vegetative rosette to flowering
stage. To reveal the factors shaping selection on ontogenetic
patterns of tolerance and resistance in natural A. thaliana
populations, future studies should quantify seasonal variation in
costs and benefits of tolerance and resistance traits in relation to
risk of damage from specific herbivores and pathogens.
The experimental design of the present study does not allow the
effects of ontogenetic stage and plant vigor to be distinguished
fully. At the time of the early defoliation, vegetative and bolting
plants differed in developmental stage, but also in size, and these
differences were associated with a difference in number of seeds
produced at the end of the season (cf. difference in fitness of
control plants Fig. 2). The documented difference in response to
defoliation may thus reflect an increase in tolerance to defoliation
from the vegetative rosette stage to the reproductive stage, a
difference in tolerance between plants of different vigor, or a
combination thereof.
In this study, we used scissors to create different levels of leaf
damage. Mechanical damage does not mimic all aspects of
Table 4. Stage structure, proportion damaged plants, and leaf area removed (%) from damaged plants in the Arabidopsis thaliana
study population on May 19, 2006, and on four different dates in 2007.
Day Proportion of plants N
Proportion
damaged Leaf area removed
Vegetative rosette Bolting Flowering Mean Range
2006
May 19 0 0.70 0.30 200 0.22 7.6% 1%–40%
2007
April 15 0.42 0.58 0 214 0.25 8.9% 1%–80%
April 29 0.19 0.60 0.21 214 0.25 3.1% 1%–15%
May 13 0.05 0.30 0.65 195 0.26 3.1% 1%–15%
May 27 0.02 0.10 0.88 183 0.24 3.5% 1%–20%
doi:10.1371/journal.pone.0030015.t004
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reactions that are not triggered by mechanical damage [29–31].
Because the production of induced defences may often be
associated with a cost [24,25], the present experiment may have
underestimated the fitness consequences of leaf removal by
herbivores. However, studies of other plant species indicate that
differences between mechanical damage and damage caused by
herbivores are less prevalent when effects on growth and
reproduction are examined than when effects on metabolism
and resistance to secondary herbivory are considered [32].
Support for the hypothesis that tolerance to defoliation in
annuals increases from the vegetative rosette stage to the
reproductive stage has previously been obtained in greenhouse
experiments with A. thaliana [33] but see [28], Plantago aristata [17],
Raphanus sativus [16], Sesbania macrocarpa and S. vesicaria [15], and in
a field study of Ipomoea purpurea [13]. In contrast, no evidence of an
ontogenetic increase in tolerance to defoliation was observed in a
greenhouse experiment with Senecio vulgaris [34], or in a field study
of Cucurbita pepo [35]. Several factors may have contributed to the
variable outcomes including differences in experimental design, in
the exact developmental stages examined in combination with
non-linear changes in tolerance, e.g., [10], and differences in
fitness components considered.
In contrast to the present study and a greenhouse study of
three accessions of A. thaliana [33], Barto and Cipollini [28] did
not detect lower tolerance to damage before than during
flowering in A. thaliana. The difference in result is not likely to
be related to differences in developmental stages included for
study because in all three studies vegetative plants with on
average six true leaves and flowering plants that had recently
begun to flower were defoliated. However, the three studies differ
in several other ways that may have influenced their results. First,
different defoliation methods were employed. In the present
study, all leaves were damaged with scissors to a predefined
degree in the defoliation treatments, in the study conducted by
Tucker and Avila-Sakar [33] larvae of Trichoplusia ni were allowed
to feed on plants to a given level of damage was achieved, while
in Barto and Cipollini [28] either the 50% youngest or the 50%
oldest leaves were removed completely. The fitness consequences
of a given level of defoliation may depend on whether damage is
evenly distributed among all leaves or not [36], and it is
conceivable that the pattern of defoliation also influences the
importance of the timing of defoliation. Second, while we focused
on seasonal changes in effects of defoliation on plant fitness, the
previous two studies focused on ontogenetic shifts in tolerance to
damage. We defoliated plants on two occasions, early in the
season and in the middle of the A. thaliana growing season,
whereas in the other two studies, plants were damaged as they
reached a particular developmental stage. As a consequence, the
difference in ontogenetic stage between plants defoliated at the
vegetative rosette stage and at the bolting stage was confounded
by a difference in vigor in the present study, while in the previous
studies effects of ontogenetic stage on response to damage were
confounded by possible effects of day of defoliation. Further
experiments are needed to determine the importance of this
difference. Finally, the response of different populations was
examined. Natural populations of A. thaliana differ in resistance to
insect herbivores [37], in the composition of glucosinolates [38],
and in response to apical meristem damage [39]. Moreover,
recent studies indicate that the degree to which tolerance to leaf
damage [33], glucosinolate activation [23], and response to
methyl jasmonate [27] changes throughout ontogeny may also
vary among populations. Taken together, it is clear that
additional studies are required to determine the importance of
environmental conditions and experimental procedures for the
detection of ontogenetic shifts in tolerance to defoliation in
annual plants, and also to explore the extent to which this
characteristic varies genetically among and within natural
populations.
Effect of Damage to Flowering Plants
The strongest detrimental effect of leaf damage was recorded
among plants defoliated at the vegetative stage early in the season,
but defoliation during flowering also reduced the number and size
of seeds produced in the first experiment (Fig. 1, Table 1). A
comparable effect size was detected for bolting plants in the second
experiment, although the reduction of seed production following
defoliation was not statistically significant in this experiment.
Defoliation during flowering may reduce seed production both
because defoliation reduces the amount of nutrients that can be
reallocated from leaves to developing seeds and because
defoliation should reduce carbon gain of remaining leaves.
Nitrogen is reallocated from leaves to reproductive structures
after the completion of leaf expansion in A. thaliana [40], and
reduced nutrient availability could limit seed production. Reduced
leaf area may also decrease photosynthesis. However, this effect
may be less important as carbon gain of reproductive A. thaliana to
a large extent can be attributed to photosynthesis of inflorescences
[41].
Effect of Damage on the Number and Size of Seeds
The results of the present study only partly supported the
hypothesis that fitness components that respond to damage shift
along ontogeny from the number of seeds to seed mass. The
reduction in seed production caused by defoliation in mid April
was larger than the reduction following defoliation a month
later, but the effect of defoliation on seed mass did not increase
seasonally. Similarly, in a growth-room experiment with the
annual herb Plantago aristata, defoliation before flowering reduced
the number of seeds more strongly than defoliation during
flowering and fruiting, while no such ontogenetic shift in the
negative effect of defoliation on mean seed mass was observed
[17]. In contrast, little evidence of shifts in the relative
magnitude of effects on different components of reproduction
was detected in a greenhouse study of Sesbania macrocarpa and S.
vesicaria [15]. Taken together, seasonal changes in the relative
importance of effects of defoliation on different components of
reproductive output have not been detected in all species studied,
and when they have been observed, they have not involved
changes in the magnitude of effects on all individual compo-
nents. While early defoliation may reduce the number of seeds
more strongly than late defoliation in many species, the negative
e f f e c to fd e f o l i a t i o no ns e e dm a s sa p p e a r sl e s sv a r i a b l ea m o n g
life-history stages.
Conclusions
The present study has shown that leaf damage may significantly
reduce the fitness of A. thaliana and suggests that in this population,
leaf herbivores feeding on plants early in the season should exert
stronger selection on defense traits than leaf herbivores feeding on
plants at later in the season, given similar damage levels. The
fitness consequences of herbivory critically depend on the seasonal
timing of damage also in perennial plant species, e.g. [10,42–44].
There is thus ample evidence that a comprehensive understanding
of the effects of leaf herbivory on the numerical dynamics and
evolutionary trajectories of natural plant populations requires that
both the timing and magnitude of damage are considered.
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Study Species and Study Site
Arabidopsis thaliana (L.) Heynh. (Brassicaceae) is a self-compatible
annual herb, which is native to Eurasia [45]. It has a wide
latitudinal range, from 68uN in northern Scandinavia to 0u [20],
and is typically found in disturbed habitats [46]. The species is
subject to damage from slugs and snails feeding on leaves [21] and
from insect herbivores feeding on leaves [47,48] and fruits [22].
The study was conducted in an A. thaliana population at
Ro ¨da ˚sen (62u489N,18u129E) in the High Coast area of the
province A ˚ngermanland, central Sweden. The population is
located in dry meadow vegetation on a steep slope facing south-
east, approximately 175 m above the sea level. In the study
population, herbivore damage is mainly caused by insect
herbivores, including Plutella xylostella, and gastropods feeding on
leaves in spring (J. A ˚gren, personal observation). The proportion of
plants damaged by folivores varies among years, but may often be
in the order of 20–25% or higher. Completely defoliated plants
have been observed already soon after snow melt in April (R.
Akiyama and J. A ˚gren, personal observation).
Field Experiments
To examine how plant survival and fecundity (number of seeds
produced by reproducing plants), and seed size are affected by the
magnitude of defoliation and by the timing of defoliation, we
performed two experiments. In the first experiment, conducted in
2006, plants were marked in groups of five, and within groups
(=blocks) individual plants were randomly allocated to one of five
treatments: 0% (control), 10%, 25%, 50%, or 75% of the area of
each rosette leaf removed with scissors (N=30 per treatment).
Damage was inflicted on 20 May, when most plants were about to
start flowering (some had begun flowering). Prior to defoliation,
the number of leaves per plant, rosette diameter, and natural
damage (scored as the proportion of leaf area removed) were
recorded. Rosette diameter was determined with a digital calliper
to the nearest mm, and proportion of leaf area removed by
herbivores was estimated by eye to the nearest 1% when 10% or
less of the leaf area had been removed and to the nearest 5% for
plants that had lost more than 10% of their leaf area. At the time
of the treatment, the plants had produced 9.162.7 leaves (mean 6
SD), and had a rosette area (estimated as p [rosette diameter/2]
2)
of 59.8634.0 mm
2 (N=150). Natural herbivory was low. Twenty-
three percent of the plants had leaves damaged by insect
herbivores (N=150), and among damaged plants the mean
proportion of leaf area removed was 6.365.0% (median [range],
5% [1–20%], N=35). Plant size and proportion of leaf area
removed by herbivores did not vary among treatments (one-way
ANOVA, number of leaves, F4,145=0.24, P=0.91; rosette area,
F4,145=1.67, P=0.16; Kruskal-Wallis test, leaf damage, P=0.91).
In the second experiment, conducted in 2007, we defoliated
plants early in spring before flowering (18 April) or during
flowering (19 May). On 18 April, approximately 60% of the plants
in the population had reached the bolting stage, while on 19 May,
the great majority of plants had begun flowering. For this
experiment, we therefore identified three plant categories: plants
defoliated early in spring at the vegetative rosette stage, plants
defoliated early in spring at the bolting stage, and plants defoliated
a month later at the flowering stage. For each category, 40 triplets
of plants were selected one to three days before the experimental
defoliation. Triplets were arranged in blocks, with one triplet of
each plant category forming a block. Each plant within a triplet
was randomly assigned to one of three defoliation treatments: 0%
(control), 25%, and 50% of the area of each rosette leaf removed
with scissors. The number of leaves, rosette diameter, and
proportion of the leaf area removed by herbivores were recorded
on 17 April for plants defoliated in mid April, and on 16 May for
plants defoliated a month later. Rosette area was estimated as
described above. Plants defoliated early in the season at the
vegetative rosette stage had fewer leaves and smaller rosettes than
those defoliated early in the season at the bolting stage, and those
defoliated a monthlateratthefloweringstage (mean 6SD,number
of leaves, vegetative rosette 6.261.1, bolting 9.361.8, flowering
6.961.9; rosette area, vegetative rosette 40.3614.9 mm
2; bolting
103.5636.7 mm
2; flowering 89.6651.2 mm
2), but the number of
leaves and rosette area did not differ between defoliation treatments
(two-way ANOVA, number of leaves, plant category F2,351=120.2,
P,0.0001, defoliation F2,351=0.3, P=0.77, plant category 6
defoliation F4,351=0.3, P=0.90; rosette area, plant category
F2,351=93.2, P,0.0001, defoliation F2,351=0.04, P=0.96, plant
category 6 defoliation F4,351=0.1, P=0.99). The proportion of
plants damaged by herbivores was lower among plants defoliated at
the vegetative rosette stage (8%, N=120) than among plants
defoliated at the bolting and flowering stages (27% and 26%,
respectively), but did not differ between defoliation treatments
(logistic regression, likelihood ratio tests, plant category x
2=17.8,
P=0.0001, defoliation x
2=0.9, P=0.63, plant category 6
defoliation x
2=3.3, P=0.51). Damage levels were typically low
(mean damage among damaged plants, 3.463.4%, median [range],
2% [1–20%], N=75), and did not differ significantly between plant
category or defoliation treatments (two-way ANOVA, arcsine
square-root transformed proportion of leaf area removed, plant
category F2,65=1.6, P=0.22, defoliation F2,65=0.2, P=0.80, plant
category 6defoliation F4,65=0.8, P=0.53).
In both experiments, plant fitness was quantified as number of
seeds produced (coded as zero for plants that did not survive to
reproduce), and we examined treatment effects both on this
measure of overall fitness and on its two components, survival to
reproduction and fecundity of survivors. Because seed size has
been found to be correlated positively with seedling survival in A.
thaliana [49] and other species [50], we also quantified effects on
mean seed mass. Survival until fruit maturation (0 or 1) and the
number of fruits produced by reproducing plants were recorded at
fruit maturation. For each reproducing plant, we estimated the
mean number of seeds per fruit by counting the number of seeds
produced by up to five fruits. To estimate total number of seeds
produced, the mean number of seeds per fruit was multiplied with
the number of fruits. For each reproducing plant, mean seed mass
was obtained by determining the mass of up to 60 seeds.
Variation in Herbivory among Developmental Stages and
across the Season
To obtain quantitative data on leaf herbivory on a larger
number of plants and to characterize the seasonal pattern of
herbivory in the study population, we recorded damage to two
additional sets of plants. In 2006, we recorded developmental stage
and leaf damage to 200 plants randomly selected across the
population on May 19. In 2007, we randomly selected and marked
214 plants across the population in mid April. The developmental
stage and leaf damage to these plants were recorded on 15 April,
29 April, 13 May, and 27 May. In both years, we quantified leaf
damage following the same procedure as in the defoliation
experiment.
Statistical Analyses
Statistical analyses were conducted using SAS version 9.2 and
JMP version 5.0.1. We used logistic regression in JMP to examine
the effect of defoliation on survival. Because survival was very high
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vegetative stage in the second experiment, the effect of the
defoliation treatment on survival was examined separately by
developmental stage. We used mixed models to assess the effects of
defoliation treatment (fixed effect), block (random effect), rosette
area at defoliation, and proportion of leaf area removed by
herbivores before the defoliation treatment on number of seeds
produced by survivors (fecundity) and by all plants (overall fitness),
and on mean seed mass in the first experiment (PROC MIXED in
SAS). Initial analyses also included the defoliation 6rosette area
interaction, but since this interaction was never statistically
significant, it was excluded from the final models. In the analysis
of the second experiment, we included defoliation treatment, plant
category (vegetative rosette defoliated early in the season, bolting
plant defoliated early in the season, or flowering plant defoliated a
month later), the defoliation 6 plant category interaction (fixed
effects), block (random effect), and proportion of leaf area removed
by herbivores before the defoliation treatment as explanatory
variables in the models. Number of seeds per plant and mean seed
mass were log-transformed prior to analysis to improve normality
of residuals. When significant main effects were detected, post-hoc
tests were carried out using Tukey’s HSD test. To determine
whether seed production and mean seed mass decreased with
increasing damage in the first experiment, we regressed least-
square treatment means on proportion of leaf area experimentally
removed using PROC REG in SAS. We tested the significance of
the random effect in the mixed models using the log-likelihood
ratio statistic [51]. We compared the 22 residual log likelihood of
the full model with that of the model without the random factor.
The significance of the difference in the residual log likelihood was
determined by comparing it with a chi-square value twice the
nominal significance level with one degree of freedom [51].
Acknowledgments
The authors thank S. Larsson, L. Lehndal, S. Noack, and M. Christian for
assistance in the field, A. Puentes for discussion, P. Tora ¨ng for comments
on the manuscript, and A. Cortes and D. Udd for help with text
formatting.
Author Contributions
Conceived and designed the experiments: RA JA ˚.P e r f o r m e dt h e
experiments: RA. Analyzed the data: RA JA ˚. Wrote the paper: RA JA ˚.
References
1. Belsky AJ (1986) Does herbivory benefit plants - a review of the evidence. Am
Nat 127: 870–892.
2. Stowe KA, Marquis RJ, Hochwender CG, Simms EL (2000) The evolutionary
ecology of tolerance to consumer damage. Annu Rev Ecol Syst 31: 565–595.
3. Rausher MD (2001) Co-evolution and plant resistance to natural enemies.
Nature 411: 857–864.
4. Maron JL, Crone E (2006) Herbivory: effects on plant abundance, distribution
and population growth. P Roy Soc B 273: 2575–2584.
5. Nu ´n ˜ez-Farfa ´n J, Fornoni J, Valverde PL (2007) The evolution of resistance and
tolerance to herbivores. AnnuRev Ecol Evol Syst 38: 541–566.
6. Tiffin P, Rausher MD (1999) Genetic constraints and selection acting on
tolerance to herbivory in the common morning glory Ipomoea purpurea.A mN a t
154: 700–716.
7. Maschinski J, Whitham TG (1989) The Continuum of Plant Responses to
Herbivory: The Influence of Plant Association, Nutrient Availability, and
Timing. Am Nat 134: 1–19.
8. Strauss SY, Agrawal AA (1999) The ecology and evolution of plant tolerance to
herbivory. Trends Ecol Evol 14: 179–185.
9. Hochwender CG, Marquis RJ, Stowe KA (2000) The potential for and
constraints on the evolution of compensatory ability in Asclepias syriaca. Oecologia
122: 361–370.
10. del-Val E, Crawley MJ (2005) Are grazing increaser species better tolerators
than decreasers? An experimental assessment of defoliation tolerance in eight
British grassland species. J Ecol 93: 1005–1016.
11. Wise MJ, Abrahamson WG (2007) Effects of resource availability on tolerance of
herbivory: a review and assessment of three opposing models. Am Nat 169:
443–454.
12. Trumble JT, Kolodny-Hirsch DM, Ting IP (1993) Plant compensation for
arthropod herbivory. Ann Rev Entomol 38: 93–119.
13. Tiffin P (2002) Competition and time of damage affect the pattern of selection
acting on plant defense against herbivores. Ecology 83: 1981–1990.
14. Boege K, Marquis RJ (2005) Facing herbivory as you grow up: the ontogeny of
resistance in plants. Trends Ecol Evol 20: 441–448.
15. Marshall DL, Abrahamson NJ, Avritt JJ, Hall PM, Medeiros JS (2005)
Differences in plastic responses to defoliation due to variation in the timing of
treatments for two species of Sesbania (Fabaceae). Ann Bot 95: 1049–1058.
16. Boege K, Dirzo R, Siemens D, Brown P (2007) Ontogenetic switches from plant
resistance to tolerance: minimizing costs with age? Ecol Lett 10: 177–187.
17. Horton M, Lacey EP (1994) Carbon integration in Plantago aristata (Plantaginai-
ceae): the reproductive effects of defoliation. Am J Bot 81: 278–286.
18. Napp-Zinn K (1985) Arabidopsis thaliana. In: Halevy AH, ed. Handbook of
flowering, vol 1, CRC Press, Boca Raton, FL. pp 492–503.
19. Johanson U, West J, Lister C, Michaels SD, Amasino RM, et al. (2000)
Molecular analysis of FRIGIDA, a major determinant of natural variation in
Arabidopsis flowering time. Science 290: 344–347.
20. Koornneef M, Alonso-Blanco C, Vreugdenhil D (2004) Naturally occurring
genetic variation in Arabidopsis thaliana. Annual Review of Plant Biology 55:
141–172.
21. Harvey JA, Witjes LMA, Benkirane M, Duyts H, Wagenaar R (2007)
Nutritional suitability and ecological relevance of Arabidopsis thaliana and Brassica
oleracea as foodplants for the cabbage butterfly, Pieris rapae. Plant Ecol 189:
117–126.
22. Arany AM, de Jong TJ, Van der Meijden E (2005) Herbivory and abiotic factors
affect population dynamics of Arabidopsis thaliana in a sand dune area. Plant Biol
7: 549–556.
23. Wentzell AM, Kliebenstein DJ (2008) Genotype, age, tissue, and environment
regulate the structural outcome of glucosinolate activation. Plant Physiol 147:
415–428.
24. Karban R, Baldwin IT (1997) Induced response to herbivory. University of
Chicago Press. Chicago.
25. Cipollini D, Purrington CB, Bergelson J (2003) Costs of induced responses in
plants. Basic Appl Ecol 4: 79–85.
26. Brown PD, Tokuhisa JG, Reichelt M, Gershenzon J (2003) Variation of
glucosinolate accumulation among different organs and developmental stages of
Arabidopsis thaliana. Phytochem 62: 471–481.
27. Matthes MC, Pickett JA, Napier JA (2008) Natural variation in responsiveness of
Arabidopsis thaliana to methyl jasmonate is developmentally regulated. Planta 228:
1021–1028.
28. Barto EK, Cipollini D (2005) Testing the optimal defense theory and the growth-
differentiation balance hypothesis in Arabidopsis thaliana. Oecologia 146: 169–178.
29. Agrawal AA (1998) Induced responses to herbivory and increased plant
performance. Science 279: 1201–1202.
30. Agrawal AA, Strauss SY, Stout MJ (1999) Costs of induced responses and
tolerance to herbivory in male and female fitness components of wild radish.
Evolution 53: 1093–1104.
31. Howe GA, Jander G (2008) Plant immunity to insect herbivores. Annu Rev
Plant Biol 59: 41–66.
32. Lehtila ¨ K, Boalt E (2004) The use and usefulness of artificial herbivory in plant-
herbivore studies. In: Insects and ecosystem function, Springer Verlag,
Heidelberg 26. pp 257–275.
33. Tucker C, Avila-Sakar G (2010) Ontogenetic changes in tolerance to herbivory
in Arabidopsis. Oecologia 164: 1005–1015.
34. Obeso JR, Grubb PJ (1994) Interactive effects of extent and timing of defoliation,
and nutrient supply on reproduction in a chemically protected annual Senecio-
vulgaris. Oikos 71: 506–514.
35. Du D, Winsor JA, Smith M, Denicco A, Stephenson AG (2008) Resistance and
tolerance to herbivory changes with inbreeding and ontogeny in a wild gourd
(Cucurbitaceae). Am J Bot 95: 84–92.
36. Susko DJ, Superfisky B (2009) A comparison of artificial defoliation techniques
using canola (Brassica napus). Plant Ecol 202: 169–175.
37. Handley R, Ekbom B, A ˚gren J (2005) Variation in trichome density and
resistance against a specialist herbivore in natural populations of Arabidopsis
thaliana. Ecol Entomol 30: 284–292.
38. Kliebenstein DJ, Kroymann J, Brown P, Figuth A, Pedersen D, et al. (2001)
Genetic control of natural variation in Arabidopsis glucosinolate accumulation.
Plant Physiol 126: 811–825.
39. Banta JA, Stevens MHH, Pigliucci M (2010) A comprehensive test of the
‘limiting resources’ framework applied to plant tolerance to apical meristem
damage. Oikos 119: 359–369.
40. Diaz C, Lemaı ˆtre T, Christ A, Azzopardi M, Kato Y, et al. (2008) Nitrogen
recycling and remobilization are differentially controlled by leaf senescence and
development stage in Arabidopsis under low nitrogen nutrition. Plant Physiol
147: 1437–1449.
Effects of Defoliation in Arabidopsis thaliana
PLoS ONE | www.plosone.org 7 January 2012 | Volume 7 | Issue 1 | e3001541. Earley EJ, Ingland B, Winkler J, Tonsor SJ (2009) Inflorescences contribute
more than rosettes to lifetime carbon gain in Arabidopsis thaliana (Brassicaceae).
Am J Bot 96: 786–792.
42. Garcia MB, Ehrle ´n J (2002) Reproductive effort and herbivory timing in a
perennial herb: fitness components at the individual and population levels.
Am J Bot 89: 1295–1302.
43. Knight T (2003) Effects of herbivory and its timing across populations of Trillium
grandiflorum (Liliaceae). Am J Bot 90: 1207–1214.
44. Sullivan AT, Howe HF (2009) Prairie forb response to timing of vole herbivory.
Ecology 90: 1346–1355.
45. Al-Shehbaz IA, O’Kane JRSL (2002) Taxonomy and phylogeny of Arabidopsis
(Brassicaceae). In: Somerville CR, Meyerowitz EM, eds. The Arabidopsis book,
American Society of Plant Biologists, Rockvill, MD, USA. Available: www.aspb.
org/publications/arabidopsis. Accessed 25 May 2011.
46. Ratcliffe D (1961) Adaptation to habitat in a group of annual plants. J Ecol 49:
187–203.
47. Mauricio R, Rausher MD (1997) Experimental manipulation of putative
selective agents provides evidence for the roles of natural enemies in the
evolution of plant defense. Evolution 51: 1435–1444.
48. Mauricio R, Rausher MD, Burdick DS (1997) Variation in the defense strategies
of plants: are resistance and tolerance mutually exclusive? Ecology 78:
1301–1311.
49. Krannitz PG, Aarssen LW, Dow JM (1991) The effect of genetically based
differences in seed size on seedling survival in Arabidopsis thaliana (Brassicaceae).
Am J Bot 78: 446–450.
50. Westoby M, Leishman M, Lord J (1996) Comparative ecology of seed size and
dispersal. Philos Trans Roy Soc B 351: 1309–1318.
51. Littell RC, Milliken GA, Stroup WW, Wolfinger RD (1996) Generalized linear
mixed models. In: SAS Institute [ed.], (1996) SAS System for mixed models,
SAS Institute, Cary, North Carolina, USA. pp 423–460.
Effects of Defoliation in Arabidopsis thaliana
PLoS ONE | www.plosone.org 8 January 2012 | Volume 7 | Issue 1 | e30015